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Abstract
Symbiosis is prevalent in the marine environment with many studies examining the effects of such interactions between
host and symbiont. Pontoniine shrimps are a group whose ecology is characterised by symbiotic interactions. This
investigation examines the gross morphology of Pontoniinae compound eyes and superficial optical parameters with
reference to their symbiotic relationship or lifestyle category; free-living, ectosymbiont, endosymbiont (bivalves) or
endosymbiont (non-bivalves). The eye morphologies of free-living and ectosymbiotic species are very similar, yet differ from
both forms of endosymbiotic species. Endosymbionts have significantly smaller and simpler eyes with larger facets and
bigger interommatidial angles and eye parameters for increased sensitivity levels. However bivalve endosymbionts form an
intermediary group between non-bivalve endosymbionts and ectosymbionts as a result of their more active lifestyle. The
accessory eye or ‘‘nebenauge’’, although of uncertain function, commonly occurs in free-living Pontoniinae species but
rarely in endosymbionts apart from in more primitive species. The variation in morphology reflects tensions between
functional requirements and ecological pressures that have strongly influenced eye design in Pontoniinae.
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Introduction
Symbiotic interactions are found throughout the marine
environment with relationships providing sources of shelter,
reproduction opportunities, food and nutrition [1]. Symbioses
are generally categorised as mutualistic, commensal or parasitic
depending on the costs and benefits of the association, the level of
dependency on the host (facultative or obligate) and the number of
taxa/species they associate with (generalist or specialist) [2,3].
Symbionts can also be characterised by their mode of
association or ‘lifestyle’, defined as either ectosymbionts, populat-
ing the external surface of their host or endosymbionts residing
within their host [4,5]. This type of classification follows a more
general idea of associations, as often the type of association
(mutualistic, parasitic etc.) is not known for many species [6].
Crustaceans including many crab, amphipod, isopod and shrimp
species are symbiotic with a whole spectrum of host taxa [1,7,8].
Within Caridean shrimps, most of these associations occur in
Pontoniinae (a subfamily of Palaemonidae) [6,9–12] and to a lesser
extent Alpheidae, but are also known for a few taxa in other
families (e.g. Hippolytidae). Although these associations in
Pontoniinae were traditionally classed as commensal, Dˇurisˇ et al.,
[13] have suggested this may not be valid for all species, and some
are perhaps better considered as parasites.
Currently there are approximately 602 recognised species of
Pontoniinae [14] which have their centre of diversity in tropical
and subtropical regions [15–17]. They reach peak biodiversity on
Indo-Pacific coral reefs [6,9,18], with fewer species found in the
Caribbean [19,20]. Most species inhabit shallow coastal waters
[21], with the majority of species within the first 100 m (Appendix
S1), although Periclimenes pholeter has been reported from waters in
excess of 2000 m [22]. Pontoniid shrimps are known for their
cryptic behaviour and symbiotic associations with a range of host
taxa including inter alia bivalves, corals, anemones, sponges and
jellyfish [18,23,24] and several species act as fish cleaners [16,25].
Approximately 60–70% of Pontoniinae are symbiotic [18];
however this estimation is likely an underestimate, as this is
unknown for numerous taxa. Species that do not form associations
with other host taxa are regarded as free-living [26–28], for
example micro-predators found in seagrass meadows [6,27,29,30].
The association of Pontoniinae with numerous taxa has resulted in
the evolution of morphological adaptations [21,31] and adaptive
radiation [32]. Free-living species often have a general palaemonid
bauplan, with a well-developed dentate rostrum and long slender
chelae and pereiopods [6,33]. Morphological modification of the
pontoniid bauplan is however extensive, with significant depar-
tures in general body shape, rostrum, mouthparts and ambulatory
legs. For instance, Ischnopontonia lophos is laterally flattened with
highly jointed chelipeds, an adaptation to living in-between
elongated Galaxea corallites [34]. Other ectosymbiont coral
associates (e.g. Coralliocaris spp. and Jocaste spp.) possess modified
walking legs with a grasping dactyl to enhance their grip on their
coral host [29,35]. Sponge-dwelling endosymbionts (e.g. Apoponto-
nia, Typton) are often small to medium sized, sometimes with a
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swollen carapace and frequently with a diminutive rostrum [6,36].
Typton species also have shearing-type chelae for feeding on host
tissue, and are now regarded as parasitic [13]. Species from the
genera Dactylonia, Odontonia and Ascidonia are ascidian endosymbi-
onts [1,37]. Differences in the bauplan of these endosymbionts are
partially driven by the colonial or solitary nature of the ascidian
host [15]. Unlike sponge and ascidian-dwelling endosymbionts,
bivalve endosymbionts are usually larger bodied, frequently with
symmetrical chelae. These species are normally found in
heterosexual pairs located within the mantle cavity of the mollusc
[3,38]. Ectosymbiotic echinoid associates (e.g. Tuleariocaris, Stego-
pontonia) provide a further variant and possess extremely short,
stout pereiopods used to hold the echinoid spines [39]. Further
morphological adaptations, such as the grasping structures on the
dactyli and propodi (the last two segments on the pereiopods),
observed for these symbionts show morphological convergence in
response to host association and can be seen in both related and
unrelated species [15,40]. Despite numerous morphological
adaptations in general bauplan, the adaption of pontoniid eyes
to hosts has not been considered in spite of noticeable variations in
the morphology and as documented in taxonomic descriptions.
For crustaceans the ancestral eye is believed to have consisted of
eyes mounted on stalks [41,42] and is considered an adaptation of
motile animals [6]. Although apposition type eyes are believed to
represent the plesiomorphic condition, superposition compound
eyes are the most abundant form for extant adult decapods [43];
however maintaining sensory and neural systems is metabolically
costly [44]. Many studies have demonstrated how compound eyes
exhibit morphological variation as a result of habitat requirements
and behaviour [45]. Large differences can be seen in the tapetal
distribution around the eyes of mesopelagic species depending on
their depth distribution [46,47]. Interommatidial angles [48,49],
spectral sensitivity [50,51] and visual acuity [52] also vary with
depth in pelagic crustaceans. Some early studies reported the
degeneration of eyes in deep water species [53], similar to those
described in troglobitic species [54], whilst other deep water
species possess well-developed fully functioning eyes [48,49,53,55–
57]. Vision is regarded as playing an important role for decapods
in host/shelter location, predator detection [58], orientation
[59,60] and aggressive interactions between conspecifics [61,62].
Laboratory experiments using the symbiotic shrimp Gnathophylloides
mineri, with or without the use of chemical cues, demonstrated that
these shrimps actively seek their specific host using visual cues
[63]. To date the use of visual cues for locating hosts has not been
tested for Pontoniinae.
Variations in the external morphology of compound eyes have
received less attention than their internal structures but such
information may be useful in understanding the ecology of an
animal. This is especially true for compound eyes where superficial
external features are directly related to optical performance [64].
For example facet diameter, eye diameter, interommatidial angle
(DQ) and eyestalk dimensions have implications for visual function.
Increased photon catch can be achieved by increasing facet
diameter or increasing DQ, thus enhancing sensitivity. However,
an increasing resolution can be achieved by increasing eye
diameter or decreasing DQ [65]. As such there is a compromise
between sensitivity and acuity in response to the visual require-
ments of the organism [64,66].
Alpha level taxonomic species descriptions often note the
presence or absence of an accessory eye spot. The accessory eye
spot, ‘ocelli’, [67] or ‘dorsal spot’ and hereafter referred to as the
nebenauge, is a collection of pigmented cells peculiar to caridean
shrimps, but for which the function is unknown [46,53,67] and is
integrated with or adjacent to the cornea [53,67]. Histological
examination of eyes from mesopelagic shrimp species suggests that
the nebenauge could detect light [46].
The gross morphology of Pontoniinae eyes was examined in
comparison to the lifestyle category of these shrimps to determine
whether species living in complex visual habitats, such as free-
living or ectosymbiotic species, would have features indicative of
good resolution and sensitivity. In contrast, species living in less
visually complex habitats, such as endosymbiotic species, could
potentially possess more rudimentary, less energetically costly eyes.
Although the function of the nebenauge remains unknown, due to
the presence of light detecting features noted by Gaten et al. [46] in
other decapod species, we speculate that the nebenauge should be
more prevalent in species that are active in brighter and more
complex habitats.
Materials and Methods
A total of 96 Pontoniinae species from shallow water habitats
were examined from 40 genera (Appendix S1). The work
described in this paper was reviewed and approved by the
Department of Biological Sciences, Faculty of Sciences ethics
Figure 1. In life photographs and SEM images of pontoniine
shrimps A) Coralliocaris superba, ectosymbiont coral associate;
B) Pontonia mexicana, endosymbiont bivalve associate; C)
Periclimenes perryae, ectosymbiont echinoderm associate; D)
Periclimenaeus sp., endosymbiont sponge associate, life col-
ouration of eyes; E) Cuapetes americanus, free-living species, left
eye including cornea and eyestalk; F) Cuapetes americanus
nebenauge; G) Cuapetes americanus, lattice facet structure; H)
Pontonia mexicana, cornea. Scale bars indicate 100 mm (E, H) or
20 mm (F, G). Photo credits: A–D - A.Anker; E–H - S. De Grave.
doi:10.1371/journal.pone.0099505.g001
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committee. Species were categorised as free-living, ectosymbionts
or endosymbionts based on their listed symbiotic association or
absence thereof in primary taxonomic literature (e.g. [26,68]).
Preliminary analysis revealed consistent differences in eye diam-
eter, facet diameter and interommatidial angles between bivalve
and non-bivalve endosymbionts, and thus these two categories are
used throughout.
Specimens were examined using a binocular dissecting micro-
scope with a calibrated ocular micrometer. Five external features
of eye dimensions (eye diameter (ED), total eye and eyestalk length
(TEASL), eyestalk length (ESL), facet diameter (FD) and
nebenauge diameter (ND) in addition to post orbital carapace
length) were recorded (Fig. S1 and S2). Measurements of FD and
ND were determined from digital photographs using Scion Image
(Scion Corporation). Five facets were measured per specimen from
the central region of the cornea to determine average facet
diameter. The final optical characteristic recorded was inter-
ommatidial angle (DQ), the angle between the axes of adjacent
ommatidia [69]. As this feature cannot be measured directly from
the external morphology of the eye it was estimated mathemat-
ically using Equation 1 which assumes a perfectly spherical eye
(adapted from Stavenga, [70]):
DQ~2
FD
ED
 
180
P
 
ð1Þ
Differences in post orbital carapace lengths among the lifestyles
were tested by using the Kruskal Wallis test. Optical characteristics
of pontoniid eyes, such as relative eye diameter (standardised by
POCL), relative nebenauge diameter (standardised by ED) and DQ
(log10 transformed), were compared among the three lifestyles
using one-way analysis of variance (ANOVA) and Post hoc Tukey
test. Spearman’s Rank correlations were used to determine
relationships between ED and FD in addition to between both
ED and TEASL in relation to POCL. As the data violated the
assumption of independence ANCOVA analysis could not be
performed [71]. As an alternative, differences in relative TEASL
(standardised by POCL) were ascertained among the lifestyles
using Kruskal Wallis. Spearman’s Ranks correlations were also
tested for relationships between eye stalk length (ESL) and facet
diameter (FD) but since FD scaled to ED and ESL to CL, both
variables were standardised correspondingly prior to analysis. Eye
parameter (EP) was additionally calculated as a measure of
quantifying the trade-off between resolution and sensitivity of the
eyes [72] based on Snyder’s [73] equation:
EP~DDQ~R(DQ)2~D2=R ð2Þ
Eye parameter can be calculated in 3 different ways (Equation
2) using a combination of facet diameter (D mm), interommatidial
angle (DQ in radians) or eye radius (R mm). In this investigation eye
parameter was calculated using DDQ. Statistical differences in
average EPs among the lifestyle categories were ascertained by
means of the Kruskal Wallis test. A Chi-squared test for
association was performed to determine whether there was an
association in the occurrence of the nebenauge. All analyses were
performed using the Statistical Software Package R 3.0.2 [74].
Results
Based on the species of Pontoniinae examined, variations in
body size and eye morphology were observed in relation to their
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lifestyle (Fig. 1). Post-orbital carapace length (POCL) differed
among the four lifestyles categories (Kruskal Wallis, H (adjusted
for ties) = 30.82, df = 3, P= 0.001). Post hoc comparisons (P,0.05)
revealed that POCL of endosymbionts (bivalves) (median
6.01 mm, range 4.5–10.2 mm) were significantly larger than
endosymbionts (non-bivalves) (median 1.77 mm, range 1.17–
5.6 mm), ectosymbionts (median 2.19 mm, range 0.9–5.5 mm)
and free-living species (median 2.46 mm, range 1.38–4.13 mm),
however no significant differences were found among any of the
other categories.
Optical traits, ED and TEASL, are, as expected, correlated with
POCL (Table 1), with larger species possessing larger eyes.
However, morphological variation can be observed within these
features according to their categorised lifestyles (Fig. 2a & b), with
the scaling of these relationships varying among lifestyle categories.
In spite of similar positive relationships between POCL against ED
and TEASL, there are differences in the relative size of these
features by lifestyle category. Endosymbionts (bivalves) have
smaller relative eye diameters (x= 0.092, SD60.02) than endo-
symbiont (non-bivalves) (x= 0.19, SD60.06), ectosymbionts
(x= 0.231, SD60.08) and free-living species (x= 0.256,
SD60.06). The relative EDs of endosymbiont (non-bivalves) are
also smaller than free-living species, however no additional
differences in relative ED were observed among the remaining
Figure 2. Relationship between post-orbital carapace length and a) eye diameter. b) eye and stalk length, for 96 species of Pontoniinae
associated with four lifestyle categories.
doi:10.1371/journal.pone.0099505.g002
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lifestyle categories (ANOVA, F3,92 = 16.21, P,0.001, Tukey
P= 0.05) (Fig. 3). Although endosymbiont (bivalves) have smaller
ED’s relative to POCL, they possess larger facet diameters relative
to ED (ANOVA, F3,92 = 28.40, P,0.001, Tukey P= 0.05) than
both ectosymbiotic (x=21.423, SD60.12) and free-living species
(x=21.475, SD60.12), this is illustrated by Fig. 1E & H.
However endosymbiont (non-bivalves) have larger facet diameters
relative to ED than any other lifestyle categories (x=21.167,
SD60.10), no differences were detected between ectosymbiont
and free-living species. Endosymbiont (bivalves) (median = 0.16,
range 0.113–0.217) and endosymbiont (non-bivalves) (medi-
an = 0.311, range 0.186–0.443) have smaller relative eye and stalk
lengths than both ectosymbionts (median = 0.455, range 0.19–
0.714) and free-living species (median = 0.472, range 0.351–0.587)
but are not larger or smaller than each other. Additionally no
differences were observed between free-living and ectosymbionts
(Kruskal Wallis, H (adjusted for ties) = 48.35, df = 3, P,0.001, Post
hoc pairwise comparisons P= 0.05) (Fig. 4). Relative eyestalk length
was found to have a negative relationship with relative facet
diameter (Spearman’s rank correlation, rs =20.309, df = 96,
P = 0.002) with longer eyestalks possessing eyes with smaller facet
diameters (Fig. 5). The same relationship was also observed
for interommatidial angle (DQ) (Spearman’s rank correlation,
rs =20.309, df = 96, P = 0.002).
Interommatidial angles (DQ) in the shrimps investigated ranged
between 2.5u to 11.3u, with significant differences in the mean
log10 DQ among the four lifestyle categories (ANOVA,
F3,92 = 28.40, P,0.001). Endosymbionts (non-bivalves)
(x= 0.892, SD60.10) and endosymbiont (bivalves) (x= 0.757,
SD60.09) possess larger DQ than ectosymbionts (x= 0.637,
SD60.12) and free-living individuals (x= 0.585, SD60.12).
However, DQ are smaller in endosymbiont (bivalves) than their
non-bivalve counterparts. No differences were found between free-
living and ectosymbiotic shrimps (Tukey P= 0.05) (Fig. 6). The
EPs calculated for all species by the 4 lifestyle categories ranged
from between 0.44 to 8.05 rad-mm. Significant differences were
found among the EPs of the lifestyle categories (Kruskal Wallis, H
(adjusted for ties) = 41.2, df = 3, P,0.001, Post hoc pairwise
comparisons P= 0.05) with free living and ectosymbiotic species
having significantly smaller EPs than both endosymbiotic lifestyle
categories. On average, EPs appear to increase as the lifestyle of
the shrimps become more endosymbiotic (Fig. 7).
Significant differences were also observed in the presence/
absence of the nebenauge among shrimps of different lifestyle
categories (Chi-squared test, x2 = 21.54, df = 3, P,0.001). Nebe-
nauge presence is infrequently associated with the endosymbiotic
(non-bivalve) lifestyle, although slightly more frequent in endo-
symbiotic (bivalve) shrimps. In contrast, high frequencies of free-
living species have them, with an equal presence/absence in
ectosymbiotic species (Fig. 8). However, when the nebenauge is
present there is no difference in relative size between Pontoniinae
species of the different lifestyle categories (ANOVA, F3,50 = 1.17,
P= 0.330).
Discussion
The examination of gross eye morphology of pontoniid shrimps
revealed extensive morphological variations, but equally surprising
Figure 3. Mean relative eye diameter (standardised by post-orbital carapace length) for 96 species of Pontoniinae associated with
four lifestyle categories. Significant differences (Tukey HSD P,0.05) between lifestyle categories were denoted as a, b, c and d, with lifestyle
categories bearing the same letter being statistically different.
doi:10.1371/journal.pone.0099505.g003
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similarities of unrelated species among and between the herein
utilised, broad, lifestyle categories. The eyes of free-living and
ectosymbiotic species, with distinctly different habitats, were found
to be very similar, with the exception of nebenauge occurrence.
However, the eyes of endosymbionts are fundamentally different
from both free-living and ectosymbionts in terms of relative eye
diameter (ED), total eye and stalk length (TEASL), interomma-
tidial angle (DQ) and nebenauge occurrence. Additionally, there
are also significant differences between species classed as bivalve
and non-bivalve endosymbiont associates, with the exception of
relative TEASL. These similarities and differences underlie their
overall visual capabilities in terms of resolution and sensitivity.
Pontoniine shrimps, as with other organisms [75,76], exhibit a
log-log relationship between body size and eye diameter.
However, our results demonstrate differences in relative eye
diameter (adjusted to body size) among the four lifestyle categories.
Free-living and ectosymbionts possess significantly larger eyes
relative to body size than endosymbiont (bivalves) while only free-
living species possess significantly larger eyes than endosymbionts
(non-bivalves). Species with larger compound eyes and smaller
facets, as recorded for free-living and ectosymbiotic species,
potentially possess more enhanced visual acuity than those with
small eyes and larger facets due to the possible increase in
photoreceptors [65,77], smaller interommatidial angles and eye
parameters. The combination of these factors observed in
Pontoniinae imply that both free-living and ectosymbiotic species
possess better visual acuity than their endosymbiotic counterparts.
Previous research has also suggested that the eye size of benthic
Figure 4. Median relative eye and stalk length (standardised by post-orbital carapace length) for 96 species of Pontoniinae
associated with four lifestyle categories. Significant differences (Post hoc pairwise comparisons P,0.05) between lifestyle categories were
denoted as a, b, c and d, with lifestyle categories bearing the same letter being statistically different.
doi:10.1371/journal.pone.0099505.g004
Figure 5. Relationship between relative eyestalk length
(standardised by post-orbital carapace length) and relative
facet diameter (standardised by eye diameter) for 96 species of
Pontoniinae associated with four lifestyles categories.
doi:10.1371/journal.pone.0099505.g005
Eye Morphology of Symbiotic Shrimps
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crustaceans can reflect their feeding behaviour, with small eyed
species with lower resolution possibly favouring filter feeding,
grazing or consuming detritus [49] or perhaps in the case of
Pontoniinae, evidence of a parasitic lifestyle.
Species such as Cuapetes grandis, Palaemonella holmesi and C. elegans,
categorised as free-living, possess some of the largest relative EDs
of the shrimps examined. Larger EDs potentially increase the
number of ommatidial units contained within the eyes. The more
ommatidia the better the overall resolution (visual acuity) of the
eye. Larger EDs for these species coupled with their relatively
small facet diameters (FD), potentially increase the number of
ommatidia in addition to reducing DQ, resulting in higher visual
acuity increasing the complexity of the visual surroundings they
can interpret. Species that commonly have small DQ and large
eyes are often predators, requiring good resolution to detect their
prey. These free-living species are generally considered to be
scavengers, although some such as Palaemonella rotumana and P.
spinulata are possibly micro-predators [78]. These would thus
require reasonable resolution for both prey detection and predator
avoidance, as herein demonstrated by eye morphology. Ectosym-
bionts, such as Ancylomenes pedersoni and Periclimenes yucatanicus are
fish cleaning shrimp that are commonly associated with anemones
[79]. Species such as these signal to ‘‘clients’’ by swaying their
bodies and waving their antennal flagella with individuals
aggressively competing for the best location on the anemone [6].
These behaviours may require better resolution to identify clients
in addition to selecting the most favourable location on a host,
similar to the visual requirements of free-living species. These
shrimps may also be less obligatory and more plastic in host
acceptance to locate the best anemones to attract clients, whilst
species that are not cleaners are considered more host specific
[80]. In general, ectosymbiotic shrimps inhabit more exposed
environments than endosymbionts increasing predation risk
resulting in a greater requirement for larger eyes and a reasonable
level of resolution. Endosymbiotic shrimps however potentially
benefit little from good visual acuity as many, but not all, of these
shrimp species spend their lives mainly within the confines of their
host. The smaller relative eye diameter in all endosymbionts is
similar to that of the eye reduction observed in crustacean
stygobionts [54,81]. However, the dramatic reduction observed in
stygobionts has rendered the eyes non-visually functional, which is
not the case for the endosymbiotic species herein examined. Small
compound eyes have two main constraints; fewer ommatidia and
relatively larger FDs the combination of which leads to increased
interommatidial angles (DQ) and poorer resolution [65]. Endo-
symbiont (non-bivalves) species such as Onycocaris quadratophthalma,
Periclimenaeus maxillulidens and Pontonia panamica have relatively large
FDs (often unorganised in appearance, pers. obs.) and small EDs,
even in absolute terms, resulting in larger DQ and the largest
within Pontoniinae, and thus poorer resolution. However larger
FDs do have a benefit to shrimps occupying these habitats, as in
light adapted eyes increased FD results in an increased photon
catch per ommatidia and thus improved sensitivity. Sponge-
dwelling endosymbionts of the genera Onycocaris, Periclimenaeus and
Typton have traditionally been considered as obligatory symbionts
of sponges and ascidians, but -some at least- are now considered
parasites, feeding on spongin and spicules [13]. This move to
parasitism would negate the requirement for high visual acuity and
Figure 6. Mean log interommatidial angle for 96 species of Pontoniinae associated with four lifestyle categories. Significant
differences (Tukey HSD P,0.05) between lifestyle categories were denoted as a, b, c, d and e, with lifestyle categories bearing the same letter being
statistically different.
doi:10.1371/journal.pone.0099505.g006
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investment in neural tissue, assuming that the individual shrimp
spend their entire life cycle inside their host. A similar pattern can
be seen in endosymbiont (bivalves) species however although
relative eye sizes were smallest in this category this result is possibly
not a true reflection of the impact of symbiosis on eye morphology,
due to the unusually large body size observed for these symbionts.
Additionally DQ for endosymbionts (non-bivalves) are significantly
larger than free-living or ectosymbionts with endosymbiont
(bivalves) forming an almost intermediary group.
Small variations in external morphology can have major
implications for the visual ecology of these shrimps as compound
eyes are unable to maximize sensitivity and visual acuity
simultaneously [64]. It is interesting that endosymbionts (bivalves)
form an intermediary group for DQ between ectosymbionts and
endosymbiont (non-bivalves), as this would suggest that their visual
acuity is better than endosymbiont (non-bivalves) but not as high
as ectosymbionts. A possible explanation is linked to their sexual
behaviour, as demonstrated in some species. Co-habiting males of
Pontonia mexicana in Pinna carnea are known to move host in search
of reproductive females [3], such mate-searching would require a
higher level of acuity to avoid predation and possibly host location
if visual cues are used, this should be possible given the depth
range of these species are mostly within 100 m (Appendix S1).
However, the sensory basis of this search behaviour has not been
studied and the potential role of pheromones released from the
receptive females is not known. A congeneric species, Pontonia
margarita, that lives in heterosexual pairs in Pinctada mazatlanica, is
also known to roam between hosts, but less infrequently [82]. In
contrast a species from a phylogenetically unrelated genus also
dwelling in bivalves, Paranchistus pycnodontae, appears to live in
stable, long term heterosexual pairs in Pteria penguin, with males
displaying no roaming activity [38].
Non-bivalve endosymbionts possess an extremely reduced
eyestalk and eyes, with in some instances flattened corneas and a
disorganised square facet array, which is especially evident in
sponge dwelling species, such as Onycocaris quadratophthalma. The
fact that endosymbionts still possess eyes may reflect 1) how long
these species have been endosymbionts or 2) that their eyes
continue to be beneficial. If that is the case then why do these
shrimps need them and what could they be using them for?
Pontoniinae species that spend the majority of their lives within
their host experience reduced light conditions from that of the
external surroundings. The eyes of these species are adapted to
maximize the light availability by having larger facets and larger
interommatidial angles. Some ascidian symbionts, such as Ascidonia
flavomaculata, are also known to leave the confines of their host in
search of food and return to the ascidian for refuge [83]. However,
Baeza & Dı´az-Valde´s [1] also found that individuals, especially
males, will leave the ascidian in search of a mate, although females
possibly move around during the summer in search of larger hosts.
This mate searching behaviour may also occur in Ascidonia
miserabilis, however this is yet to be confirmed [84]. These
behaviours suggest that these species are less obligate and more
facultative in their symbiotic relationship which is reflected in their
eye morphology by smaller interommatidial angles and eye
parameters therefore potentially increased visual acuity. In dark
environments the eye parameter (EPs) has been shown to increase
[73]. The maximum EP recorded for living species is of 44 rad-mm
however, larger values of 100 rad-mm have been found in fossil
trilobites [85]. Nocturnal or deep sea species often have EPs
Figure 7. Median eye parameter for 96 species of Pontoniinae associated with four lifestyle categories. Significant differences (Tukey
HSD P,0.05) between lifestyle categories were denoted as a, b, c, and d, with lifestyle categories bearing the same letter being statistically different.
doi:10.1371/journal.pone.0099505.g007
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ranging to 20 rad-mm whilst species from well-lit environments can
possess an EP as small as 0.3 rad-mm [86]. The significantly
smaller EP results observed in free-living and ectosymbiotic species
(1.2 rad-mm and 1.4 rad-mm respectively) suggest that these
shrimps are adapted to brighter habitats than their endosymbiotic
counterparts, both bivalve (2.7 rad-mm) and non-bivalves (3.6 rad-
mm). As these species do not travel at high speeds, which would
require larger DQ to sustain the resolving power of the eye due to
the angular velocity, the high EPs of the endosymbionts can
probably be attributed to these shrimps adapting to darker
conditions rather than the sampling frequency of the eye. As a
consequence species with higher EPs sacrifice resolution in favour
of higher sensitivity [72]. It is likely that these differences are
driven by a balance between the relatively high physiological cost
of eyes [87] and their likely benefits. Although such differences can
be seen in our data, the reason why these species, especially
sponge-dwellers, have eyes and what they are using them for
remains unclear.
Ugolini and Borgiolo [67] stated difficulties in associating
nebenauge position with ecology or behaviour of shrimps.
However, our results reflect a pattern in the presence or absence
of nebenauge among the four ecological lifestyles categories,
suggesting that basic ecology may influence the occurrence in
Pontoniinae. Itaya [88] suggested that the nebenauge is a type of
small compound eye responding to light levels, but with a different
role to the rest of the eye. Histological sections from mesopelagic
shrimps [46] revealed functioning ommatidia that were structur-
ally different from the adjoining cornea. Whilst the presence of
optics suggests that differences in light intensity can be detected it
seems unlikely that this region would be able to resolve an image.
The results for Pontoniinae show a decrease in nebenauge
presence in relation to increasing divergence from a free-living
mode of life. The notion that nebenauge may be used for light
orientation and/or light detection is supported by these results
where nebenauge in free-living species could be advantageous but
would be superfluous for endosymbionts (non-bivalves) where
phototactic behaviour would be minimal. Bruce [89] described
how bivalve symbionts can be separated into three groups based
on morphology. It is currently unclear if these groups represent
phylogenetic clades or the result of convergent evolution and
independent host invasions. The groups are herein used, but only
as an indication of gross bauplan morphology, and not an
indication of phylogeny. The first group contains the genera
Anchistus, Neoanchistus and Paranchistus with this group considered
the most primitive and less specialised than other bivalve associates
[89]. The presence of a well-developed dentate rostrum as well as
antennal and hepatic spines supports this notion. Interestingly,
these same genera are some of the few bivalve symbionts where the
nebenauge is present in all of these genera. The second group
includes Platypontonia and Pontonia; these genera are considered
more specialised to their hosts, primarily linked to their unarmed
short rostra and the finer details of their ambulatory pereiopods.
Within this group the nebenauge is occasionally present in some
species such as Pontonia margarita. However the third group,
Conchodytes and Chernocaris (the latter now considered a synonym of
Conchodytes, see [90]), are most specialised and within this group the
nebenauge is absent from all genera. This direction in the absence
or presence of the nebenauge in bivalve-associated Pontoniinae
does appear to indicate an increased level of specialisation for
Figure 8. Percentage occurrence of the nebenauge for 96 species of Pontoniinae associated with four lifestyle categories.
doi:10.1371/journal.pone.0099505.g008
Eye Morphology of Symbiotic Shrimps
PLOS ONE | www.plosone.org 9 June 2014 | Volume 9 | Issue 6 | e99505
these species, supporting Bruce’s [89] scheme of evolutionary
relationships for these genera.
Ellers [91] suggested that ecological interactions can impact the
expression of traits, as demonstrated here in the occurrence of
nebenauge, eye and stalk size in addition to variations in
interommatidial angles and eye parameters among lifestyle
categories. It is likely that in some endosymbiotic species stalked,
well developed hemispherical eyes with high acuity are no longer
of benefit. Although the categorisation of associations of shrimps
with hosts into four broad classes, endosymbiont (bivalves),
endosymbiont (non-bivalves), ectosymbionts and free-living, is
undoubtedly a gross simplification and is not based on the
emerging complex spectrum of symbiotic behaviours, such as host
selection, usage or switching in some genera (e.g. [3]), external
characteristics in compound eye design of Pontoniinae are clearly
linked to their lifestyle and hence their fundamental ecological
position. Simplification and modification of eyes in these shrimps
thus demonstrates how they have adapted and evolved over time
to environmental pressures and conditions, yet it is surprising to
note the degree of morphological plasticity within the same
subfamily. Not only has eye morphology been seen to be a
phenotypic (physical and physiological variation within a popula-
tion) trait among terrestrial species such as flies [92,93],
mosquitoes [69] and beetles [94], evidence here suggests that
these features display evolutionary plasticity under relatively
specific conditions. The fact that Pontoniinae are symbiotic with
a diverse array of taxa may have acted as a driver for the
variability in optical structures observed, as it clearly has done for
other aspects of their bauplan. These results highlight the tensions
between ecology, physiology and systematics in the evolution of
compound eyes.
Supporting Information
Figure S1 Photograph of Anchistus custos illustrating
measurement taken for post-orbital carapace length.
(TIF)
Figure S2 Photograph of Palaemonella holmesi illus-
trating external measurements taken from the eye
including eyestalk length (ESL), total eye and stalk
length (TEASL), eye diameter (ED), nebenauge diameter
(ND) and facet diameter (FD).
(TIF)
Appendix S1 Species list of Pontoniinae used within this
investigation including Oxford University Museum of
Natural History (OUMNH) catalogue numbers, assigned
lifestyle category and host association [14].
(DOC)
Acknowledgments
We would like to thank Dr Sue Hull for her valuable suggestions with
regards to the analysis and comments on previous versions of the
manuscript in addition to Dr Arthur Anker for the species photographs
used in Fig. 1. Access to the Oxford University Natural History Museum
collections was facilitated through a St John’s Summer Scholarship to
Magnus L Johnson in 2011. Finally, we would like to thank the reviewers
for their valuable comments on previous versions of the manuscript.
Author Contributions
Conceived and designed the experiments: NCD SDG MLJ. Performed the
experiments: NCD. Analyzed the data: NCD SDG MLJ. Contributed
reagents/materials/analysis tools: NCD SDG MLJ. Wrote the paper:
NCD SDG MLJ.
References
1. Baeza JA, Dı´az-Valde´s M (2011) The symbiotic shrimp Ascidonia flavomaculata
lives solitarily in the tunicate Ascidia mentula: implications for its mating system.
Invertebrate Biology 130: 351–361.
2. Baeza JA (2007) The origins of symbiosis as a lifestyle in marine crabs (genus
Petrolisthes) from the eastern Pacific: Does interspecific competition play a role?
Revista de Biologia Marina y Oceanografia 42: 7–21.
3. Baeza JA, Bolan˜os JA, Hernandez JE, Lira C, Lo´pez R (2011) Monogamy does
not last long in Pontonia mexicana, a symbiotic shrimp of the amber pen-shell Pinna
carnea from the southeastern Caribbean Sea. Journal of Experimental Marine
Biology and Ecology 407: 41–47.
4. Saffo MB (1992) Invertebrates in Endosymbiotic Associations. American
Zoologist 32: 557–565.
5. Goffredi SK (2010) Indigenous ectosymbiotic bacteria associated with diverse
hydrothermal vent invertebrates. Environmental Microbiology Reports 2: 479–
488.
6. Bauer RT (2004) Remarkable Shrimps: adaptations and natural history of the
Carideans. Norman: University of Oklahoma Press.
7. Ross DM (1983) Symbiotic relations. In: Vernberg SJ, Vernberg WB, editors.
The Biology of Crustacea. London: Academic Press Incorporated. 163–212.
8. Thiel M, Baeza JA (2001) Factors effecting the social behaviour of crustaceans
living symbiotically with other marine invertebrates: A modelling approach.
Symbiosis 30: 163–190.
9. Bruce AJ (1976) Coral reef Caridea and ‘‘Commensalism.’’ Micronesica 12: 83–
98.
10. Fautin DG, Guo CC, Hwang J-S (1995) Costs and benefits of the symbiosis
between the anemone shrimp Periclimenes brevicarpalis and its host Entacmaea
quadricolor. Marine Ecology Progress Series 129: 77–84.
11. Guo C-C, Hwang J-S, Fautin DG (1996) Host selection by shrimps symbiotic
with sea anemones: a field survey and experimental laboratory analysis. Journal
of Experimental Marine Biology and Ecology 202: 165–176.
12. VandenSpiegel D, Eeckhaut I, Jangoux M (1998) Host selection by Synalpheus
stimpsoni (De Man), an ectosymbiotic shrimp of comatulid crinoids, inferred by a
field survey and laboratory experiments. Journal of Experimental Marine
Biology and Ecology 225: 185–196.
13. Dˇurisˇ Z, Horka´ I, Juracˇka PJ, Petrusek A, Sandford F (2011) These squatters are
not innocent: the evidence of parasitism in sponge-inhabiting shrimps. PLoS
One 6: e21987.
14. De Grave S, Fransen CHJM (2011) Carideorum Catalogus: The recent species
of the dendrobranchiate, stenopodidean, procarididean and caridean shrimps
(Crustacea: Decapoda). Zoologische Mededelingen Leiden 85: 195–589. Figs 1–
59.
15. Fransen CHJM (2002) Taxonomy, phylogeny, historical biogeography, and
historical ecology of the genus Pontonia Latreille (Crustacea: Decapoda:
Caridea: Palaemonidae). Zoologische Verhandelingen 336: 1–433.
16. Li X (2004) The pontoniine shrimps (Crustacea: Decapoda: Palaemonidae) from
Anambas and Natuna Islands, Indonesia, collected by Anambas expedition,
2002. Raffles Bulletin of Zoology Supplement 11: 67–72.
17. Fransen CHJM (2007) The influence of land barriers on the evolution of
Pontoniine Shrimps (Crustacea, Decapoda) living in association with molluscs
and solitary ascidians. In: Renema W, editor. Biogeography, time and place:
Distributions, barriers and islands. Netherlands: Springer. 103–115.
18. De Grave S (2001) Biogeography of Indo-Pacific Pontoniinae (Crustacea,
Decapoda): a PAE analysis. Journal of Biogeography 28: 1239–1253.
19. Spotte S, Heard RW, Bubucis PM (1994) Pontoniine shrimps (Decapoda:
Caridea: Palaemonidae) of the Northwest Atlantic. IV. Periclimenes antipathophilus
new species, a black coral associate from the Turks and Caicos Islands and
Eastern Honduras. Bulletin of Marine Science 55: 212–227.
20. De Grave S, Anker A (2009) A new species of Periclimenes COSTA from Utila,
Honduras (Crustacea, Decapoda, Pontoniinae). Annalen des Naturhistorischen
Museums in Wien, B 110: 139–148.
21. Fransen CHJM (1995) Shrimps and Molluscs. Vita Marina 42: 105–114.
22. Bruce AJ (2011) A new record of Periclimenes pholeter Holthuis, 1973 (Crustacea:
Decapoda: Pontoniinae) from the Red Sea. Cahiers de Biologie Marine 52: 119–
120.
23. Martinelli Filho JE, Stampar SN, Morandini AC, Mossolin EC (2008) Cleaner
shrimp (Caridea: Palaemonidae) associated with scyphozoan jellyfish. Vie et
Milieu - Life and Environment 58: 133–140.
24. Okuno J, Bruce AJ (2010) Designation of Ancylomenes gen.nov., for the
‘‘Periclimenes aesopius species group’’ (Crustacea: Decapoda: Palaemonidae),
with the description of a new species and a checklist of congeneric species.
Zootaxa 2372: 85–105.
25. Spotte S (1998) ‘‘Cleaner’’ shrimps? Helgola¨nder Meeresuntersuchungen 52:
59–64.
26. Chace FA, Bruce AJ (1993) The caridean shrimps (Crustacea: Decapoda) of the
Albatross Philippine Expedition, 1907–1910, Part 6: Superfamily Palaemonoi-
dea. Smithsonian Contributions to Zoology 543: 1–152.
27. Bruce AJ (2002) Notes on some Indo-Pacific Pontoniinae, XLVI. Palaemonella
foresti sp. nov., a new pontoniine shrimp from Western Australia (Decapoda,
Eye Morphology of Symbiotic Shrimps
PLOS ONE | www.plosone.org 10 June 2014 | Volume 9 | Issue 6 | e99505
Palaemonidae), with a review of the Indo-West Pacific species of the genus
Palaemonella Dana, 1852. Crustaceana 75: 277–298.
28. Bruce AJ (2007) A re-definition of the genus Periclimenes Costa, 1844 and the
designation of a new genus Margitonia (Crustacea: Decapoda: Pontoniinae).
Cahiers de Biologie Marine 48: 403–406.
29. Bruce AJ (1977) The hosts of the coral associated Indo-West Pacific Pontoniine
shrimps. Atoll Research Bulletin 205: 1–19.
30. De Grave S (2009) A further sponge-dwelling species of the Periclimenes iridescens
complex from the Western Atlantic (Decapoda, Caridea, Palaemonidae).
Crustaceana 82: 829–836.
31. Paracer S, Ahmdjian V (2000) Symbiosis: An introduction to biological
associations. Second. Oxford: Oxford University Press.
32. Yamamura N (1996) Evolution of mutualistic symbiosis: A differential equation
model. Researches on Population Ecology 38: 211–218.
33. Kou Q, Li X, Chan T-Y, Chu KH, Huang H, et al. (2013) Phylogenetic
relationships among genera of the Periclimenes complex (Crustacea: Decapoda:
Pontoniinae) based on mitochondrial and nuclear DNA. Molecular Phyloge-
netics and Evolution 68: 14–22.
34. Bruce AJ (1966) Notes on some Indo-Pacific Pontoniinae. XI. A re-examination
of Philarius lophos Barnard, with the designation of a new genus, Ischnopontonia.
Bulletin of Marine Science 16: 584–598.
35. Patton WK (1994) Distribution and ecology of animals associated with
branching corals (Acropora spp.) from the Great Barrier Reef, Australia. Bulletin
of Marine Science 55: 193–211.
36. Bruce AJ (1972) Notes on some Indo-Pacific Pontoniinae, XXI. Typton bawii sp.
nov., the first occurrence of the genus Typton Costa in the Indian Ocean
(Decapoda Natantia, Palaemonidae). Crustaceana 23: 243–252.
37. Bruce AJ (2003) A new species of Dactylonia Fransen (Crustacea: Decapoda:
Pontoniinae) from East Africa. Cahiers de Biologie Marine 44: 299–306.
38. Baeza JA, Ritson-Williams R, Fuentes MS (2013) Sexual and mating system in a
caridean shrimp symbiotic with the winged pearl oyster in the Coral Triangle.
Journal of Zoology 289: 172–181.
39. Chace FA (1969) A new genus and five new species of shrimps (Decapoda,
Palaemonidae, Pontoniinae) from the Western Atlantic. Crustaceana 16: 251–
272.
40. Duris Z (2010) Periclimenes laevimanus sp. nov. from Vietnam, with a review of the
Periclimenes granulimanus species group (Crustacea: Decapod: Palaemonidae:
Pontoniinae). Zootaxa 2372: 106–125.
41. Bowman TE (1984) Stalking the wild crustacean: The significance of sessile and
stalked eyes in phylogeny. Journal of Crustacean Biology 4: 7–11.
42. Waloszek D, Chen J, Maas A, Wang X (2005) Early Cambrian arthropods–new
insights into arthropod head and structural evolution. Arthropod Structure &
Development 34: 189–205.
43. Cronin TW, Porter ML (2008) Exceptional variation on a common theme: The
evolution of crustacean compound eyes. Evolution Education and Outreach 1:
463–475.
44. Niven JE, Laughlin SB (2008) Energy limitation as a selective pressure on the
evolution of sensory systems. Journal of Experimental Biology 211: 1792–1804.
45. Johnson ML, Shelton PMJ, Gaten E (2000) Temporal resolution in the eyes of
marine decapods from coastal and deep-sea habitats. Marine Biology 136: 243–
248.
46. Gaten E, Shelton PMJ, Herring PJ (1992) Regional morphological variations in
the compound eyes of certain mesopelagic shrimps in relation to their habitat.
Journal of the Marine Biological Association of the United Kingdom 72: 61–75.
47. Johnson ML, Shelton PM, Gaten E, Herring PJ (2000) Relationship of
dorsoventral eyeshine distributions to habitat depth and animal size in
mesopelagic decapods. Biological Bulletin 199: 6–13.
48. Hiller-Adams P, Case JF (1984) Optical parameters of euphausiid eyes as a
function of habitat depth. Journal of Comparative Physiology A 154: 307–318.
49. Hiller-Adams P, Case JF (1985) Optical parameters of the eyes of some benthic
decapods as a function of habitat depth (Crustacea, Decapoda). Zoomorphology
105: 108–113.
50. Johnson ML, Gaten E, Shelton PMJ (2002) Spectral sensitivities of five marine
decapod crustaceans and a review of spectral sensitivity variation in relation to
habitat. Journal of the Marine Biological Association of the United Kingdom 82:
835–842.
51. Frederiksen R, Warrant EJ (2008) Visual sensitivity in the crepuscular owl
butterfly Caligo memnon and the diurnal blue morpho Morpho peleides: a clue to
explain the evolution of nocturnal apposition eyes? Journal of Experimental
Biology 211: 844–851.
52. Hiller-Adams P, Case JF (1988) Eye size of pelagic crustaceans as a function of
habitat depth and possession of photophores. Vision Research 28: 667–680.
53. Welsh JH, Chace FA (1937) Eyes of deep sea crustaceans I. Acanthephyridae.
Biological Bulletin 72: 57–74.
54. Van Damme K, Sinev AY (2011) A new genus of cave-dwelling microcrusta-
ceans from the Dinaric Region (south-east Europe): adaptations of true stygobitic
Cladocera (Crustacea: Branchiopoda). Zoological Journal of the Linnean Society
161: 31–52.
55. Welsh JH, Chace FA (1938) Eyes of deep-sea crustaceans II. Sergestidae.
Biological Bulletin 74: 364–375.
56. Warrant EJ, Locket NA (2004) Vision in the deep sea. Biological Reviews 79:
671–712.
57. Frank TM, Johnsen S, Cronin TW (2012) Light and vision in the deep-sea
benthos: II. Vision in deep-sea crustaceans. Journal of Experimental Biology
215: 3344–3353.
58. Huang H-D, Rittschof D, Jeng M-S (2005) Visual orientation of the symbiotic
snapping shrimp Synalpheus demani. Journal of Experimental Marine Biology and
Ecology 326: 56–66.
59. Langdon JW, Herrnkind WF (1985) Visual shape discrimination in the fiddler
crab, Uca pugilator. Marine Behaviour and Physiology 11: 315–325.
60. Chiussi R, Diaz H (2002) Orientation of the fiddler crab, Uca cumulanta:
responses to chemical and visual cues. Journal of Chemical Ecology 28: 1787–
1796.
61. Li H, Cooper RL (2002) The effects of ambient light on the blind cave crayfish:
Social interactions. Journal of Crustacean Biology 22: 449–458.
62. Hemmi JM, Zeil J (2003) Burrow surveillance in fiddler crabs II. The sensory
cues. Journal of Experimental Biology 206: 3951–3961.
63. Williamson JE, Gleeson C, Bell JE, Vaı¨tilingon D (2012) The role of visual and
chemical cues in host detection by the symbiotic shrimp Gnathophylloides mineri.
Journal of Experimental Marine Biology and Ecology 414–415: 38–43.
64. Land MF, Nilsson DE (2002) Animal eyes. Oxford: Oxford University Press.
65. Rutowski RL, Gisle´n L, Warrant EJ (2009) Visual acuity and sensitivity increase
allometrically with body size in butterflies. Arthropod Structure & Development
38: 91–100.
66. Warrant EJ, McIntyre PD (1993) Arthropod eye design and the physical limits to
spatial resolving power. Progress in Neurobiology 40: 413–461.
67. Ugolini A, Borgioli E (1993) On the ‘‘accessory eye’’ of shrimps (Decapoda,
Natantia). Crustaceana 65: 112–115.
68. Bruce AJ (1994) A synopsis of the Indo-West Pacific genera of the Pontoniinae
(Crustacea: Decapoda: Palaemonidae). Theses Zoologicae 25: 1–172.
69. Kawada H, Tatsuta H, Arikawa K, Takagi M (2006) Comparative study on the
relationship between photoperiodic host-seeking behavioral patterns and the eye
parameters of mosquitoes. Journal of Insect Physiology 52: 67–75.
70. Stavenga DG (2003) Angular and spectral sensitivity of fly photoreceptors. II.
Dependence on facet lens F-number and rhabdomere type in Drosophila. Journal
of Comparative Physiology A 189: 189–202.
71. Field A, Miles J, Field Z (2012) Discovering statistics using R. London: SAGE
Publications Ltd.
72. Stavenga DG, Hardie RC (1989) Facets of vision. London: Springer-Verlag.
73. Snyder AW (1979) Physics of vision in compound eyes. Vision in Invertebrates.
Berlin: Springer-Verlag. 225–313.
74. Team RC (2013) R: A language and environment for statistical computing. R
Foundation for Statistical Computing. Vienna, Austria, ISBN 3-900051-07-0.
Available: http://www.r-project.org.
75. Brooke MDL, Hanley S, Laughlin SB (1999) The scaling of eye size with body
mass in birds. Proceedings of the Royal Society B Biological Sciences 266: 405–
412.
76. Liu Y, Ding L, Lei J, Zhao E, Tang Y (2012) Eye size variation reflects habitat
and daily activity patterns in colubrid snakes. Journal of Morphology 273: 883–
893.
77. Rutowski RL (2000) Variation of eye size in butterflies: inter- and intraspecific
patterns. J Zool 252: 187–195.
78. Bruce AJ (1981) Pontoniine shrimps of Heron Island. Atoll Research Bulletin
245: 1–33.
79. McCammon A, Sikkel PC, Nemeth D (2010) Effects of three Caribbean cleaner
shrimps on ectoparasitic monogeneans in a semi-natural environment. Coral
Reefs 29: 419–426.
80. Mascaro´ M, Rodrı´guez-Pestan˜a L, Chiappa-Carrara X, Simo˜es N (2012) Host
selection by the cleaner shrimp Ancylomenes pedersoni: Do anemone host species,
prior experience or the presence of conspecific shrimp matter? Journal of
Experimental Marine Biology and Ecology 413: 87–93.
81. Gaten E (1998) Optics and phylogeny: is there an insight? The evolution of
superposition eyes in Decapoda (Crustacea). Contributions to Zoology 67: 223–
235.
82. Baeza JA (2008) Social monogamy in the shrimp Pontonia margarita, a symbiont of
Pinctada mazatlanica, off the Pacific coast of Panama. Marine Biology 153: 387–
395.
83. Millar RH (1971) The biology of ascidians. Advances in Marine Biology 9: 1–
100.
84. Pachelle PPG, Paiva SV, Oliveira Filho RR, Anker A (2012) The ascidian-
associated shrimp Ascidonia miserabilis (Caridea: Palaemonidae): first record for
Brazil and additional records for the Caribbean Sea. Marine Biodiversty
Records 5: e83.
85. McCormick T, Fortey RA (1998) Independent testing of a paleobiological
hypothesis: the optical design of two Ordovician pelagic trilobites reveals their
relative paleobathymetry. Palaeontology 24: 235–253.
86. Fordyce D, Cronin TW (1993) Trilobite vision: a comparison of schizochroal
and holochroal eyes with the compound eyes of modern arthropods.
Paleobiology 19: 288–303.
87. Laughlin SB, de Ruyter van Steveninck RR, Anderson JC (1998) The metabolic
cost of neural information. Nature Neuroscience 1: 36–41.
88. Itaya SK (1976) Light and dark adaptational changes in the accessory eye of the
shrimp, Palaemonetes. Tissue & Cell 8: 583–590.
89. Bruce AJ (1981) Notes on some Indo-Pacific Pontoniinae, XXXVI. Pontonia
ardeae sp. nov., a new bivalve associate from the Capricorn Islands (Decapoda,
Natantia). Crustaceana 40: 113–126.
Eye Morphology of Symbiotic Shrimps
PLOS ONE | www.plosone.org 11 June 2014 | Volume 9 | Issue 6 | e99505
90. Fransen CHJM, Reijnen BT (2012) A second discovery of Lacertopontonia chadi
Marin, 2011 (Crustacea: Decapoda: Palaemonidae), with remarks on its
systematic position. Zootaxa 3437: 43–50.
91. Ellers J, Kiers ET, Currie CR, McDonald BR, Visser B (2012) Ecological
interactions drive evolutionary loss of traits. Ecology Letters 15: 1071–1082.
92. Baker RH, Wilkinson GS (2001) Phylogenetic analysis of sexual dimorphism and
eye-span allometry in stalk-eyed flies (Diopsidae). Evolution 55: 1373–1385.
93. Baker RH, Wilkinson GS (2003) Phylogenetic analysis of correlation structure in
stalk-eyed flies (Diasemopsis, Diopsidae). Evolution 57: 87–103.
94. Bauer T, Desender K, Morwinsky T, Betz O (1998) Eye morphology reflects
habitat demands in three closely related ground beetle species (Coleoptera:
Carabidae). Journal of Zoology 245: 467–472.
Eye Morphology of Symbiotic Shrimps
PLOS ONE | www.plosone.org 12 June 2014 | Volume 9 | Issue 6 | e99505
